INTRODUCTION
Precise temporal coding of sound requires proper adjustment of ion channel expression in auditory neurons (Johnston et al., 2010) . Two types of voltage-gated K + (Kv) channels, Kv1.1 and Kv3.1, play central roles in the temporal coding. These channels mediate low-and high-voltage-activated K + currents, respectively. Kv1.1 is activated strongly at subthreshold potential and improves phasic firing by suppressing aberrant spike generation during synaptic depolarization, whereas Kv3.1 accelerates falling phase of spikes and promotes firing at high frequency (Oertel, 1999; Trussell, 1999) .
Avian nucleus magnocellularis (NM), a homolog of mammalian anteroventral cochlear nucleus, is involved in the temporal coding (Sullivan and Konishi, 1984; Warchol and Dallos, 1990) and well known for rich expression of these Kv channels (Fukui and Ohmori, 2004; Parameshwaran et al., 2001; Rathouz and Trussell, 1998; Reyes et al., 1994) . NM neurons are tuned to a specific frequency of sound (characteristic frequency, CF), and arranged tonotopically within the nucleus such that neurons with high CF are located rostromedially (Parks and Rubel, 1978) . Moreover, they are differentiated biophysically as well as morphologically along the tonotopic axis (Fukui and Ohmori, 2004; Kuba and Ohmori, 2009; Oline et al., 2016; Wang et al., 2017) . One prominent example is the differentiation of Kv1.1; the expression level of this channel increases in neurons with higher CF, which is considered crucial in adjusting neuronal excitability to the CF-specific patterns of afferent input in NM (Fukui and Ohmori, 2004) . Recently, we reported that the differentiation of Kv1.1 was created because afferent input augmented the expression to a larger extent in higher-CF neurons (Akter et al., 2018) , showing the importance of afferent input in setting the level of Kv1.1 expression. Intriguingly, however, the auditory threshold is higher for higher-frequency sound (Jones et al., 2006; Saunders et al., 1973) , and therefore, the level of afferent input cannot solely explain the graded expression of Kv1.1 toward higher CF, raising a possibility that additional factors may contribute to the differentiation.
Thus, we explored the mechanisms of tonotopic differentiation of Kv1.1 in NM, using organotypic culture of chicken brainstem (Sanchez et al., 2011) , in which neurons were totally deprived of afferent input. We found that chronic depolarization increased Kv1 current in a level-dependent manner, but the extent was larger at higher-CF regions, causing the tonotopic difference of the current in the culture. The depolarization increased Kv1 current via elevation of [Ca 2+ ] i , whereas it elevated [Ca 2+ ] i similarly irrespective of tonotopic regions. The results showed that the Ca 2+ -dependent process of Kv1.1 expression was more efficient at higher-CF regions, suggesting the importance of neuronal tonotopic identity as well as pattern of afferent input for the tonotopic differentiation of Kv1.1 in NM.
RESULTS

Characteristics of NM Neurons in Slice Culture
Brainstem slices were prepared from chicken embryos (embryonic day 11, E11) before hearing onset, and those including high-or low-CF neurons were cultured and used for experiments at 14 days in vitro (14DIV), corresponding to posthatch day 3 (P3) ( Figures 1A and 1B ). An injection of dextran tetramethylrhodamine (TMR) into the midline tract region visualized NM neurons and projection fibers from contralateral NM (Figure 1C) . The morphology of NM neurons developed during the course of culture; the neurons showed multipolar shape and several dendrites at 1DIV but became spherical shape and decreased the number of dendrites by 14DIV ( Figure 1D ). Importantly, the loss of dendrites was more prominent in higher-CF neurons, making the neurons almost adendritic at 14DIV ( Figure 1F ), which resembled the morphological development in vivo (Jhaveri and Morest, 1982) . Cross-sectional area of the soma increased with development and became similar between high-and low-CF neurons ( Figure 1E ). (B) NM is organized tonotopically from rostromedial to caudolateral direction. Four to five slices of 200 mm thickness were prepared from an animal at E11 after retrograde labeling of NM neurons with dextran TMR. NM in rostral one or two slices was defined as high-CF (HCF) region and that in the caudal most slice as low-CF (LCF) region. (C) Cultured slice at 14DIV. NM was labeled with dextran TMR (upper right). Bright-field (upper left) and fluorescence (lower left) images of the slice. Square was magnified (lower right). Anterogradely labeled projections from contralateral NM (arrowhead). (D) Retrogradely labeled NM neurons in high-(upper) and low-CF regions (lower) at 1DIV (left) and 14DIV (right). Arrowheads indicate axon. (E and F) Cross-sectional area (E) and the number of dendrites (F) of cultured neurons. Numbers in parentheses are the number of cells. **p < 0.01. See also Figure S1 .
We also evaluated excitatory synaptic input in the cultured NM neurons at 11DIV ( Figure S1A ). Auditory nerve terminals are differentiated tonotopically in NM in vivo; they form end-bulb synapses on high-CF neurons and bouton synapses on low-CF neurons (Fukui and Ohmori, 2004; Kö ppl, 1994) . Although the auditory nerve was lost in the culture, multiple VGlut2-positive glutamatergic terminals apposed on both high-and low-CF neurons (Figures S1B and S1E). The number and size of these terminals were similar between the neurons. Consistently, both neurons showed spontaneous excitatory postsynaptic currents (EPSCs) of similar amplitude and rate in the culture medium (Figures S1C, S1F, and S1H-S1J). However, the amplitude of EPSCs was mostly below 100 pA, the rate was low (6-7 Hz), and their contributions to spike generation would be small. Indeed, when spontaneous spikes were recorded under cell-attached clamp, the rate (<1 Hz) was far lower than that of spontaneous EPSPs (1-2 Hz) (Figures S1D, S1G, S1K, and S1L) and almost negligible compared with that in vivo (100-500 Hz, Fukui et al., 2006; Warchol and Dallos, 1990) . Thus, the culture was preferable in evaluating the mechanism of tonotopic differentiation of Kv1.1 expression in NM under the minimal influence of synaptic and spike activities.
Membrane Properties Were Similar in Cultured High-and Low-CF Neurons
Membrane parameters of cultured NM neurons were measured at 14DIV, corresponding to P3, by injecting a rectangular current to the soma under current clamp (Table 1 ). The input resistance was larger and the resting potential was more positive than those in posthatch neurons in acute slices (see Akter et al., 2018) , suggesting a decrease of Kv1 current in the culture. More importantly, the parameters were not different between high-and low-CF neurons. This contrasted with the clear tonotopic differences in the parameters in acute slices, such as lower input resistance and more negative resting potential in higher-CF neurons (Akter et al., 2018; Fukui and Ohmori, 2004) , indicating that the tonotopic differentiation of Kv1 current would be small or absent in the culture.
We then examined voltage responses to currents between À0.5 and 2 nA in the culture (Figure 2 ). Both high-and low-CF neurons showed outward-rectifying responses and generated one or a few spikes at
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Mini. dV/dt (V/s) À105.5 G 7.6 d À127.8 G 7.6 À127.9 G 6.8 À129.2 G 7.9 the onset of depolarization (Figures 2A and 2B ), as in acute slices (Akter et al., 2018; Fukui and Ohmori, 2004) . Bath application of dendrotoxin (DTX, 40 nM, blocker of Kv1) increased the number of spikes; the number was 3.3 G 0.4 (n = 10) (p = 3.9310 À6 ; compared with control, 0.9 G 0.1, n = 15) and 3.9 G 0.4 (n = 8) (p = 3.7310 À6 ; compared with control, 1.2 G 0.2, n = 17) in high-and low-CF neurons, respectively (p = 0.29) ( Figure 2F ). On the other hand, tetraethylammonium (TEA, 1 mM, blocker of Kv3) increased the half-width of spikes; the increase was 158% (n = 6) (p = 8.2310 À6 ) and 211% (n = 4) (p = 2.9310 À10 ) in highand low-CF neurons, respectively (p = 0.08) ( Figure 2G ), confirming the presence of Kv1 and Kv3 currents in the neurons. The level of outward rectification was similar between the high-and low-CF neurons (Figure 2B) . Moreover, many spike parameters, including threshold current and spike latency, did not differ between the neurons (Table 1 ; Figures 2C-2E ), being compatible with the idea that the tonotopic differentiation of Kv1 current was almost absent in the culture. Nevertheless, a 1-nA current generated more spikes and their falling phase was accelerated in low-CF neurons (Table 1) , and therefore, small differences of Kv currents could be present between the neurons.
Kv Current Was Similar in Cultured High-and Low-CF Neurons
We compared Kv current between high-and low-CF neurons at 14DIV under voltage clamp, using a Cs +based internal solution with voltage pulses (100 ms) between À100 and +20 mV at a holding potential of À70 mV ( Figure 2H ). An outward current appeared during the test pulse, and an inward tail current (inset) followed after cessation of the pulse in both neurons. The current would be mediated via Kv1 and Kv3 currents (see Kuba et al., 2015; Rathouz and Trussell, 1998) . Voltage-dependence of activation of Kv current was evaluated via plotting conductance-voltage curve of the tail current and fitting it to a double Boltzmann equation ( Figure 2I ; Table 2 ). Kv1 current was identified as the low-voltage-activated component with a V 1/2 of about À50 mV and Kv3 current as the high-voltage-activated component with a V 1/2 of about À20 mV in both neurons. Remarkably, Kv1 current was small and similar in both neurons (0.4-0.6 nA, 6%-7% of total current) ( Figures 2I and 2J ), which was 3-10 times smaller than that in posthatch neurons (Akter et al., 2018) . The results indicated that the expression of Kv1.1 was down-regulated in the culture and not differentiated tonotopically, being consistent with the findings in current clamp experiments (see Figures 2A-2E ). On the other hand, Kv3 current was two times larger than that in posthatch neurons (7-8 nA, 93%-95% of total current) (Figures 2I and 2J; see Akter et al., 2018) .
Kv current increased during the course of culture from 5.0 G 0.3 nA (n = 15) at 4DIV to 8.1 G 0.4 nA (n = 8) at 14DIV, whereas Kv1 current did not change during the period; it was 0.3 G 0.1 nA (7% of total current, n = 15) and 0.5 G 0.1 nA (6% of total current, n = 8) for 4DIV and 14DIV, respectively (p = 0.4). This tendency was similar in neurons cultured with tetrodotoxin (TTX) (0.1 mM) (three cells), suggesting that spontaneous activities had little effects on Kv1 current in the culture. The results also indicated that Kv3 current could increase without postsynaptic depolarization, which agreed with the observations in otocysts-removed animals (Akter et al., 2018) .
Chronic Depolarization Increased Kv1 Current More Efficiently in High-CF Neurons
Auditory input is important for the expression of Kv1.1 in NM neurons (Akter et al., 2018) . Thus, we mimicked the effect of auditory input in the culture, through chronic depolarization via elevating [K + ] o in the culture medium by 1.5 times (7.95 mM, 1.5K medium) for 13 days between 1DIV and 14DIV ( Figure 3A ). After the treatment with 1.5K medium, the resting potential became more negative (5 mV) in normal artificial cerebrospinal fluid (ACSF) and the input resistance decreased by three times in high-CF neurons ( Table 1 ). In addition, the treatment augmented the outward rectification, shortened the spike latency by half, and increased the threshold current by five times in the neurons (Figures 3B-3D; Table 1 ), suggesting that the chronic depolarization increased Kv1 current in the high-CF neurons. Accordingly, the number of spikes decreased and spikes were no longer generated at 1 nA ( Figure 3B) . In low-CF neurons, on the other hand,
Control
High CF (n = 8) Low CF (n = 8) High CF (n = 10) Low CF (n = 8) input resistance decreased, but spike latency and threshold current did not change after the treatment, and most neurons still generated more than one spike at 1 nA.
The inward tail current increased in both neurons after the treatment with 1.5K medium ( Figure 3E ). However, the increase of Kv1 current was far larger in high-CF neurons than in low-CF neurons, creating a tonotopic difference of Kv1 current in the culture; the increase was about 5 times (2.1 G 0.2 nA, 18% of total current) and 1.3 times (0.9 G 0.1 nA, 8% of total current) in high-and low-CF neurons, respectively ( Figures 3F and 3G ; Table 2 ). In addition, strong immunosignals of Kv1.1 delineated the cell soma after the treatment specifically in the high-CF neurons with little changes in cytoplasmic signals ( Figures 3H-3J ). Importantly, the differential increase of Kv1 current occurred even when slices from different tonotopic regions were cultured on the same Millicell membrane (data not shown), suggesting that contributions of diffusible factors to the differentiation could be small. These results indicated that efficiency to drive Kv1.1 expression via depolarization would differ tonotopically in NM, being higher in high-CF neurons, which was consistent with the observations in vivo (Akter et al., 2018) . Kv3 current increased slightly after the treatment, but the increase was about 1.3 times and did not differ between high-and low-CF neurons ( Figure 3G ; Table 2 ).
Increase of Kv1 Current Was Dependent on Level of Depolarization
We then examined the effects of the level of depolarization on the increase of Kv1 current ( Figure 4A ). Membrane was depolarized for 3 days between 11DIV and 14DIV, corresponding to P0-3, at which activity-dependent increase of Kv1 current occurs in vivo, via elevating [K + ] o in the culture medium by 1.5 times (7.95 mM, 1.5K medium), 2 times (10.6 mM, 2K medium), or 3 times (15.9 mM, 3K medium). The level of depolarization increased upon high-K + treatment in a manner dependent on [K + ] o irrespective of tonotopic regions, and the membrane remained depolarized at 14DIV, although the depolarization decreased slightly during the high-K + treatment particularly in high-CF neurons, likely reflecting the increase of Kv1.1 expression in the neurons (Table 3 ). In the high-CF neurons, the treatment with 1.5K medium increased Kv1 current by five times (2.1 G 0.5 nA, 22% of total current) ( Figures 4B and 4G ), and the extent was similar to that after 13 days of treatment (1-14DIV) (see Figures 3E-3G ), indicating that 3 days of depolarization was sufficient for the increase of Kv1 current, as in vivo (Akter et al., 2018) . Kv1 current increased further and reached a plateau after the treatment with 2K medium (3.9 G 0.2 nA, 37% of total current) or 3K medium (3.9 G 0.4 nA, 40% of total current) ( Figures 4C, 4D , and 4G), and the size was comparable with that in posthatch neurons (4.2 nA, 53% of total current; Akter et al., 2018) . In low-CF neurons, on the other hand, Kv1 current increased slightly with 3K medium (0.7 G 0.1 nA, 9% of total current) but with neither 1.5K (0.4 G 0.1 nA, 5% of total current) nor 2K (0.3 G 0.1 nA, 5% of total current) medium ( Figures 4E-4G) . Thus, the level of Kv1.1 expression depended on the level of depolarization in NM neurons, but the dependence was much steeper in the high-CF neurons than in the low-CF neurons.
Importantly, Kv1 current increased in high-CF neurons even when [K + ] o was elevated between 7DIV and 10DIV, corresponding to E18-20 ( Figures 4H-4J) ; the amplitude was 1.8 G 0.2 and 2.6 G 0.3 nA (22% and 35% of total current) for 1.5K and 2K media, respectively, suggesting that the mechanism of depolarization-dependent Kv1.1 expression might be already equipped in the neurons at embryonic periods.
We also evaluated the effects of the high-K + media on spontaneous activities in the culture ( Figure S2A ). When the cultures were bathed in the 1.5K medium at 11DIV, the rate of spontaneous EPSCs increased slightly but it was still low in both high-and low-CF neurons (about 10 Hz) ( Figures S2B, S2D , and S2G).
In addition, their amplitude decreased substantially in the medium (30-60 pA) ( Figures S2B, S2D , and S2F). This occurred because large EPSCs were suppressed in the medium (see Figure S1H ), presumably due to progressions of both Na + current inactivation and K + current activation in the presynaptic neurons. Consistently, spontaneous EPSPs and spikes were almost absent in the 1.5K medium in both neurons (<0.1 Hz) ( Figures S2C, S2E , S2H, and S2I). Moreover, chronic treatment with 1.5K medium increased Kv1 current in the presence of TTX (0.1 mM), 6,7-dinitroquinoxaline-2,3-dione (DNQX) (20 mM), and D-AP5 (100 mM) in high-CF neurons (1.5 G 0.2 nA, 19% of total current) ( Figures S2J-S2L ). These results indicated that the increase of Kv1 current would be primarily driven by chronic depolarization of NM neurons during the high-K + treatment in the culture.
Intracellular Cl À level is high and E Cl is depolarized in NM neurons (Hyson et al., 1995; Monsivais et al., 2000; Lu and Trussell, 2001 ). In addition, Cl À permeability may increase when [K + ] o is elevated, affecting the level of depolarization via alterations of [Cl À ] i (Babot et al., 2005) . However, this possibility would be low, because 1.5K medium did not change intracellular Cl À level, when measured with a Cl À dye (MQAE, see Transparent Methods), and the effects were similar with or without a cocktail of Cl À channel blockers ( Figure S3 ). (Koyano et al., 1996; Lu and Rubel, 2005) . We tested the contributions of these channels to the increase of Kv1 current by depolarizing the tissues with elevated [K + ] o (1.5K medium) and then by concurrently applying Cav channel blockers between 11DIV and 14DIV (Figure 5A ). Nifedipine (10 mM, blocker of Cav1) or (+)-Bay-K8644 (5 mM, blocker of Cav1) occluded the increase of Kv1 current during the depolarization (0.7 G 0.1 nA, 8% of total current for nifedipine; 0.7 G 0.1 nA, 11% for (+)-Bay-K8644), whereas u-conotoxin GVIA (2 mM, blocker of Cav2.2) did not affect the increase of the current (2.1 G 0.4 nA, 19% of total current) ( Figures 5B, 5C, and S4 ). Further application of u-agatoxin IVA (0.2 mM, blocker of Cav2.1), NiCl 2 (100 mM, blocker of Cav2.3 and Cav3), and TTA-P2 (2 mM, blocker of Cav3) did not show additional effects (0.9 G 0.1 nA, 8% of total current). In addition, nifedipine did not affect spontaneous EPSCs in the 1.5K medium; the rate was 11.5 G 3.2 Hz (n = 7, p = 0.84 compared with 1.5K medium). These results indicated that elevation of Ca 2+ level was necessary for the increase of Kv1 current and it was mediated via postsynaptic Cav1 channels in the culture.
We then examined Ca 2+ level in high-and low-CF neurons with a two-photon microscope at 11DIV (Figure 5D ). Cells were loaded with a high-affinity Ca 2+ indicator (OGB-1, G) and a volume marker (Alexa 594, R) through a patch pipette, and line scans were made across the cells (red lines), while a depolarizing current was applied under voltage clamp ( Figures 5E-5G ). Upon depolarization, the Ca 2+ signal (G/R) increased in both neurons. More importantly, the increase (DG/R) depended on the level of depolarization. Indeed, when [Ca 2+ ] i was measured at various holding potentials with a low-affinity Ca 2+ indicator (Fluo-5F), a similar depolarization dependence of [Ca 2+ ] i was observed and it was blocked with nifedipine or (+)-Bay-K8644 ( Figures 5H, 5I, and S4 ). Remarkably, [Ca 2+ ] i was rather low (below 200 nM) even at À40 mV, comparable with the membrane potential in the 2K medium. The results indicated that a slight change in the basal Ca 2+ level would critically affect the expression of Kv1.1 and fine adjustment of the Ca 2+ level should be the key in setting the level of Kv1.1 expression. To our surprise, however, the elevation of [Ca 2+ ] i did not differ between the high-and low-CF neurons ( Figure 5G ). In addition, Cav1 mRNAs were expressed similarly at both regions ( Figure S5 ). These findings suggested that downstream mechanisms of Ca 2+ would be differentiated between the high-and low-CF neurons, contributing to the tonotopic-region-specific increase of Kv1 current during the depolarization.
[Ca 2+ ] i in 1.5K medium was also measured at 14DIV after incubating slices for 3 days in the medium, and it was still dependent on depolarization and comparable with that measured at 11DIV in normal ACSF ( Figure S6 , see Figure 5I ). Although it was not significant, the dependence tended to become weaker after the treatment, and this might reflect rundown or inactivation of Cav channels during the depolarization.
Control 1.5K 2K 3K
High CF Onset À53.2 G 0.4 (n = 6) À46.1 G 0.7 (n = 7) À40.4 G 1.2 (n = 6) À36.1 G 1.3 (n = 6) End À55.6 G 0.7 (n = 6) a À52.7 G 0.3 (n = 6) b À45.3 G 1.5 (n = 6) a À39.0 G 0.9 (n = 7)
Low CF Onset À52.4 G 0.7 (n = 9) À45.6 G 0.6 (n = 10) À40.8 G 0.6 (n = 7) À35.5 G 0.8 (n = 5) End À56.0 G 1.7 (n = 5) À47.1 G 1.1 (n = 9) c À43.1 G 1.0 (n = 9) À37.4 G 0.4 (n = 8) a Table 3 . Effects of High-K + Treatment on Membrane Potential Membrane potential was measured at onset (11DIV) and end (14DIV) of 3-day treatment in the corresponding culture medium.
[K + ] was 5.3 mM, 7.95, 10.6, and 15.9 mM for control, 1.5K, 2K, and 3K medium, respectively. High-K + treatment depolarized the membrane (p < 0.01, compared with control), and the level of depolarization depended on [K + ]. a p < 0.05 (between onset and end of high-K + treatment). b p < 0.01 (between onset and end of high-K + treatment). c p < 0.01 (between high-and low-CF neurons). 
DISCUSSION
Cultured NM neurons showed a tonotopic difference of Kv1 current only when the neurons were chronically depolarized with high-K + media. This occurred because the increase of Kv1 current was dependent on the level of depolarization, and the dependence was steeper in higher-CF neurons. Blockade of Cav1 channels suppressed the increase of Kv1 current and the differentiation. In addition, depolarization elevated [Ca 2+ ] i similarly irrespective of tonotopic regions. These findings suggested that the Ca 2+ -dependent expression of Kv1.1 was more efficient in higher-CF neurons, proposing that neuronal tonotopic identity as well as pattern/level of afferent activity would be important for the tonotopic differentiation of Kv1.1 in NM (see Figure 6 ).
Activity-Dependence of Kv1.1 Expression Would Be Intrinsically Determined in a Tonotopic-Region-Specific Manner
In NM in vivo, Kv1 current increased efficiently with auditory input in higher-CF neurons, whereas the current remained small in low-CF neurons even after elevation of the input (Akter et al., 2018) , leading to the idea that efficiency of neurons to drive Kv1.1 expression via auditory input would become higher toward the high-CF region in NM. The present study provided direct evidence to this idea. In the culture, Kv1 current 1 expression is regulated via an interaction between ''efficiency'' of Ca 2+ -dependent mechanism and [Ca 2+ ] i . Note that Kv1.1 level is the same irrespective of efficiency at low [Ca 2+ ] i , whereas the level increases more steeply at higher efficiency with an increase of [Ca 2+ ] i . The efficiency would be higher in higher-CF neurons (dotted horizontal lines). (B) Schematic drawing of relationship between [Ca 2+ ] i and Kv1.1 expression in high-and low-CF neurons. Kv1.1 increased with an increase of [Ca 2+ ] i in both neurons, but the dependence was steeper in high-CF neurons, causing higher expression of Kv1.1 in the neurons (orange). This implied that the coupling between Ca 2+ and Kv1.1 expression would be determined in a tonotopic-region-specific manner, suggesting that genetic program as well as afferent activity would be crucial for the tonotopic-differentiation of Kv1.1 expression in NM. Note that the increase of [Ca 2+ ] i was mediated via activation of Cav1 channels during chronic depolarization in the culture, whereas the increase would be driven by afferent activity via activations of AMPA receptors and/or Cav channels in vivo.
was down-regulated, comparable with that in immature animals (E15), and not different tonotopically even after maturation (14DIV). These would be attributed to the fact that the cultured NM neurons were deprived of both spontaneous and sound-driven inputs from the auditory nerve, which normally occur at high rates (100-500 Hz) and cause substantial depolarization in vivo (Fukui et al., 2006; Warchol and Dallos, 1990) . Indeed, chronic depolarization increased Kv1 current particularly at high-CF regions and restored the tonotopic difference of the current in the culture. Thus, the activity-dependent mechanism of Kv1.1 expression would be programmed in a tonotopic-region-specific manner, which may underlie the tonotopic difference of the current in NM. These were consistent with the recent findings that couplings between neuronal activity and gene expression programs are determined differentially in individual neurons in the brain Kalish et al., 2018) .
Importantly, the input-dependent increase of Kv1 current was small and either suppression or elevation of auditory input had only minor effects on the current during embryonic period in vivo (Akter et al., 2018) . This contrasted with the observations that the depolarization increased Kv1 current substantially in the high-CF neurons irrespective of days in culture. One possible explanation for this discrepancy is that auditory input was limited in embryos owing to attenuation of sound through the eggshell and embryonic fluid (Jones et al., 2006) , whereas the neurons were depolarized efficiently with the high-K + treatment in the culture.
The results might indicate that the high efficiency to express Kv1.1 via auditory input is already equipped in NM neurons during early periods of maturation. Nevertheless, whether the period specificity for the Kv1.1 expression exists or not would require further studies in vivo.
Downstream Mechanism of Ca 2+ Would Be Differentiated Tonotopically
Patterns and/or levels of afferent activities differ tonotopically in the auditory system (Fukui et al., 2006; Johnson et al., 2011; Lippe, 1995) , which is considered crucial for the differentiations of auditory circuits (Kandler et al., 2009) . This suggests that [Ca 2+ ] i in postsynaptic neurons plays a pivotal role in the differentiations (Friauf and Lohmann, 1999) . This was the case in the differentiation of Kv1 current in NM. In support, homeostatic increase of Kv1 current was suppressed via chronic inhibition of Cav channels in cultured medial nucleus of trapezoid body (MNTB) neurons (Tong et al., 2010) or of NMDA receptors in cultured hippocampal neurons (Lee et al., 2015) . In NM neurons, Cav1 channels would be activated via depolarization during synaptic and/or spike activities and work as a source of Ca 2+ entry for the differentiation. In addition, AMPA receptors could be another source of Ca 2+ entry in vivo, as synaptic activity is robust in vivo and the receptors are highly permeable to Ca 2+ in NM (Trussell, 1999) . On the other hand, contributions of NMDA receptors would be small, because expression of the receptors declines before hatch in NM (Lu and Trussell, 2007; Tang and Carr, 2007) , whereas a major increase of Kv1 current occurs after hatch (Akter et al., 2018) . In cultured NM neurons, a change in basal Ca 2+ level was sufficient to cause the differentiation of Kv1 current, suggesting that overall activity is important for the differentiation. However, NM neurons receive different patterns of afferent input among tonotopic regions in vivo (Fukui and Ohmori, 2004; Fukui et al., 2006) , and a possibility remains that a difference in Ca 2+ transient further contributes to the differentiation. This difference in Ca 2+ dynamics may explain why Kv1 current in low-CF neurons remained small in the culture even after the treatment with 3K medium (0.8 nA, Figure 4 ), compared with that in posthatch animals (1.5 nA, Akter et al., 2018) .
The striking finding in the present study was that depolarization increased [Ca 2+ ] i similarly irrespective of tonotopic regions, indicating that the downstream mechanism of Ca 2+ would be differentiated tonotopically in NM. As [Ca 2+ ] i necessary for Kv1.1 expression was rather low of around 100-200 nM ( Figure 5 ; see also Awatramani et al., 2005) , the mechanism may have rather high sensitivity to Ca 2+ in high-CF neurons. This idea was consistent with the fact that a prolonged elevation of [Ca 2+ ] i above 250 nM promoted cell death in NM (Zirpel et al., 1998) . In low-CF neurons, on the other hand, the high-K + treatment showed only a small increase of Kv1 current, and the mechanism of Kv1.1 expression may have lower sensitivity to Ca 2+ . Interestingly, the expression of Ca 2+ -binding proteins, such as calretinin and parvalbumin, differs along the tonotopic axis in NM (Wang et al., 2017) . These tonotopic variations of Ca 2+ -related molecules could be attributable to the fact that rhombomeres from which NM neurons arise are different depending on tonotopic regions (Cramer et al., 2000) .
Kv1.1 mRNA increases toward the high-CF region in posthatch NM (Fukui and Ohmori, 2004) . In addition, membranous localization of Kv1.1 protein increases in the high-CF region in vivo (Akter et al., 2018) and in vitro (Figure 3) . Thus, the tonotopic difference in the mechanism of Kv1.1 expression may arise via transcriptional regulation and/or posttranscriptional modification of Ca 2+ -dependent molecules. As membrane trafficking of Kv1.1 is negatively regulated by ER-retention domain at the external pore region of the channel (Vacher and Trimmer, 2012) , the molecules may include those that modulate the domain; matrix metalloprotease 23 could be a candidate molecule, because it binds to the domain and contributes to ER retention of Kv1.1, while it is released from the ER membrane via a Ca 2+ -dependent cleavage by an endoprotease, furin (Galea et al., 2014; Rangaraju et al., 2010; Salvas et al., 2005) . Alternatively, the molecules could be protein kinase C and/or protein kinase A, which were reported to increase synthesis and translocation of Kv1.1 protein (Levin et al., 1995; Winklhofer et al., 2003) .
Functional Implication
Afferent activity contributes to tonotopic differentiation of ion-channel expression in both birds and mammals (Kuba et al., 2010; Leao et al., 2006; Akter et al., 2018; von Hehn et al., 2004) . This is indeed the case in Kv1.1; it increases Kv1 current at the high-CF region in NM of chickens (Akter et al., 2018) and at the low-CF region in MNTB of mice (Leao et al., 2006) . This discrepancy in the tonotopic regions could be related to the difference in audible frequency between the animals; it is much higher in mice (2-100 kHz, Heffner and Heffner, 2007) than in chickens (0.2-4 kHz, Saunders et al., 1973) . Interestingly, the frequency range, at which the activity-dependent increase of Kv1 current occurs, is similar between the animals and comparable with the frequency, where temporal information is particularly important for auditory function ($2 kHz, Rayleigh, 1907) . This may emphasize the importance of Kv1.1 in temporal coding in the auditory system (Kopp-Scheinpflug et al., 2003) .
In the present study, we showed that the efficiency of translating [Ca 2+ ] i into Kv1.1 expression was finetuned in a tonotopic-region-specific manner, and it was higher at the high-CF region. The high efficiency would be beneficial for the high-CF neurons to ensure sufficient Kv1.1 expression, because the auditory threshold is high for high-frequency sound and the level of afferent input may not be high in the neurons (Saunders et al., 1973) , whereas the low efficiency would be important for the low-CF neurons to prevent excess increase of Kv1.1 with auditory input. Thus, the topographic differentiation of activity-dependent mechanisms could be a secure and flexible way to ensure the optimum level of Kv1.1 expression at each tonotopic region and to shape precise and reliable temporal coding across frequencies. Interestingly, development of Kv3 current progressed independently of depolarization and tonotopic regions, indicating that expression of Kv channels is regulated in a subtype-specific manner. This is reasonable because Kv3.1 promotes spike generation and would be important for embryonic neurons to promote firing during the low level of afferent input. Thus, the activity-dependent process of ion-channel expression would be strategically designed in a tonotopic-region-specific manner for each channel type, which would ensure the precise temporal coding of sound across frequencies in the brainstem auditory circuit.
Limitation of Study
We showed in NM that the efficiency of activity-dependent Kv1.1 expression was determined in a tonotopic-region-specific manner, contributing to differentiating the channel expression within the nucleus. However, the data were obtained in slice culture, which preserves structures other than neurons, and further experiments in dissociate culture would be necessary to strengthen the conclusion that tonotopic neuronal identity is indeed different within the nucleus.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file. and spikes (L). Note that frequency of sEPSPs was far lower than that of sEPSCs, presumably because cell-attached recording could not detect small quantal events. Level of Cav1 mRNAs relative to that of β-actin was not different between high-and low-CF regions for each subtype (lower). and DNQX (20 µM) were added to the bath. Recordings were made at 20 ˚C to improve voltage clamp (Kuba et al., 2015) . Reversal potential of the current was -26 mV, similar to the theoretical value with a permeability ratio of 0.1 between Cs + and K + (Kuba et al., 2015; Rathouz and Trussell, 1998) . Series resistance was compensated electronically up to 80%. Liquid junction potentials were 11.6 mV for current clamp and 6.9 mV for whole-cell voltage clamp, and corrected after experiments. Voltage and current responses were analyzed, as described (Akter et al., 2018) . For recording of spikes, current pulses were applied at an interval of 1-2 sec with an increment of 50 pA.
SUPPLEMENTAL INFORMATION
Threshold current was defined as the minimum current required for spike generation, and spike parameters were measured at 0.1 nA above the threshold current, as reported previously (Akter et al., 2018) . Membrane parameters were measured via injection of a current (50 pA and V1/22 are half-activation voltages, and S1 and S2 are slope factors of individual components (Kuba et al., 2015; Rathouz and Trussell, 1998) . Amplitude of Kv1 current was defined as a fraction of Kv1 component in the maximum tail current measured at +20 mV. Effects of high-K + treatment on Kv currents were evaluated either unblind or blind, and the results were similar in both cases; Kv1 current was 2.4±0.3 nA (n = 11) and 3.4±0.5 nA (n = 3) for unblind and blind, respectively, in 1.5K medium in high-CF neurons (p = 0.35).
Two-photon Ca 2+ imaging. Two-photon Ca 2+ imaging was performed as described in Fluo-5F (1.3 µM at 34 ˚C) (Yasuda et al., 2004) . Ca 2+ level at each potential was calculated as an average of 1.3-1.5 s.
Two-photon Climaging. Two-photon Climaging was performed with a Cldye (MQAE, n-6-methoxyquinolyl acetoethyl ester, Biotium) (Marandi et al., 2002) . A slice was incubated in culture medium containing 6 mM MQAE for 10 min at 37 ˚C, and then washed in dye-free medium for 10 min at room temperature. During imaging, the slice was perfused with the normal culture medium, and then with high-K + medium (1.5K). The temperature was 30 ˚C. The laser was tuned to 810 nm, and fluorescence signal peaked at 460 nm was captured with the filter setting described above. Line scans were made at the soma for 100 ms in each cell (4-5 ms/line, 20 µs/pixel), and signal for a cell was calculated as an average of the period. Data are expressed as -∆F/F0*100, where F0 is the baseline fluorescence in the normal medium. Contributions of Clchannels to [Cl -]i were evaluated by blocking the channels with SR95531 (10 µM), niflumic acid (100 µM, R&D systems), and NPPB (200 µM, R&D systems).
Semiquantitative RT-PCR. Total RNA was extracted from tissues in high-and low-CF region of NM using the Nucleospin RNA kit (Takara). cDNA synthesis and PCR were performed using the ReverTra Ace qPCR RT kit (Toyobo) and the KOD FX Neo (Toyobo), respectively. Primers using in this study are as follows; Cav1.1 forward, 
